Pulsed laser deposition (PLD) in a low-pressure oxygen atmosphere is commonly used for the production of high-quality, stoichiometric zinc oxide thin films. An alternative approach that has the potential benefit of increased process control is plasma-enhanced PLD, i.e. the use of a low-temperature oxygen plasma instead of a neutral gas. So far, the development of PE-PLD, and PLD in general, has been hampered by a lack of detailed understanding of the underpinning physics and chemistry. In this paper, we present modelling investigations aimed at further developing such understanding. Two-dimensional modelling of an inductively-coupled radiofrequency oxygen plasma showed that densities of 10 14 -10 15 cm −3 of reactive oxygen species O and O 2 * can be produced for operating pressures between 3 and 100 Pa. Together with the absolute densities of species, also the ratio between different reactive species, e.g. O and O 2 *, can be controlled by changing the operating pressure. Both can be used to find the optimum conditions for stoichiometric zinc oxide thin film deposition. Additionally, we investigated laser ablation of zinc using a different two-dimensional hydrodynamic code (POL-LUX). This showed that the amount of material that is ablated increases from 2.9 to 4.7 μg per pulse for laser fluences from 2 to 10 J/cm 2 . However, the increased laser fluence also results in an increased average ionisation of the plasma plume, from 3.4 to 5.6 over the same fluence range, which is likely to influence the chemistry near the deposition substrate and consequently the film quality.
Introduction
The last decade has seen a significant expansion of research into zinc oxide (ZnO) films. ZnO is a direct band gap II-VI semiconductor with unique optical and electronic properties that can be applied in a variety of applications, e.g. as transparent electrodes in liquid crystal displays and photovoltaics, and as thin-film transistors and light-emitting diodes in microelectronics [1] [2] [3] .
Controlled fabrication of high-quality thin films of ZnO is challenging. Because of its high melting temperature (~2000°C), thermal evaporation of ZnO is impractical and alternative, more complex techniques are required. Techniques such as chemical vapour deposition (CVD), molecular beam epitaxy (MBE), magnetron plasma sputtering, and pulsed laser deposition (PLD) have all successfully been applied to fabricate ZnO films with properties desired for certain applications [4] . The PLD technique offers the advantage of high deposition rates, (limited) control of stoichiometry and easy interchange of materials. The main disadvantages are the limited area of deposition and possible incorporation of macroscopic particles in the films, generated during laser ablation. Also, as for most ZnO deposition techniques, fabrication of high-quality films relies heavily on empirical methods to find the optimal growing conditions for the desired film properties. There is a distinct lack of understanding of the science underpinning these deposition techniques [5] . For example, in PLD stoichiometric transfer from the target to the film is often not achieved in practice due to different sticking coefficients and re-sputtering of the different species. Also, control of the crystal structure of the deposited film is often lacking.
Adding a background atmosphere of oxygen gas has proven to allow additional control over the film's oxygen content and also crystallisation structure [6, 7] . The plasma plume from the laser ablation travels through, and interacts with, the oxygen background gas, before it is deposited on the substrate. The interactions between the plume and the background gas molecules are complex but will include electroncollision induced dissociation of the oxygen molecules into highly reactive oxygen atoms that are subsequently deposited on the target or interact with the already deposited film, increasing the oxygen content of the film to the desired value. Unfortunately, there is a lack of control parameters for stoichiometry in this system with oxygen pressure being one of very few in this highly complex system. An alternative approach is plasma-enhanced PLD (PE-PLD) in which a low-temperature, reactive oxygen plasma background is introduced instead of a neutral gas. In this way, we de-couple the creation of reactive oxygen species from the interaction with the ablation plume. The background plasma independently creates a mix of highly reactive neutral oxygen atoms and molecules, positive and negative ions and neutral gas. Moreover, this reactive oxygen environment is also present between laser pulses, allowing surface preparation and restructuring between deposition pulses. Importantly, the operating conditions of this plasma, i.e. pressure, power, bias, discharge geometry, will determine the amount and types of the different reactive species and can hence be optimised for stoichiometry control and crystal structure growth of the film. Such an approach has been investigated by several groups. Huang et al., used a radio-frequency (rf) parallel plate discharge in 3-40 Pa oxygen as a PLD background and observed a ZnO film with the preferred (0 0 2) c-axis orientation and a reduction in the film's defects and a higher deposition rate compared to traditional PLD [8] . Scarisoreanu et al. used a separate rf oxygen plasma source. This plasma expands as a directional beam into the PLD deposition chamber onto the substrate. They found that they could fabricate films with different crystalline orientations by changing the relative orientation of the oxygen plasma beam, ablation plasma and substrate [9] . Nistor et al. reports growth of both good quality a-axis and c-axis ZnO films by using PLD with a directional rf plasma beam under different orientations [10] . In all these studies the focus was on the resulting films; the oxygen plasma properties were not measured (or modelled) and optimised empirically.
In this paper, we present modelling results of a new oxygen plasma source for plasma-enhanced PLD of ZnO films. This source is based on the well-characterised Gaseous Electronics Conference (GEC) reference cell [11, 12] and allows us to accurately characterise the types and concentrations of reactive oxygen species that are produced and play a role in the thin film deposition process. We present a modelling study of this discharge, focussing on the variation of the different reactive species at a deposition substrate as a function of the oxygen input pressure. Additionally, we present results from a laser ablation model showing how laser parameters are available for control of the content of the plasma plume that will be interacting with the oxygen plasma environment. The overall goal of this research is to provide a better understanding of the underlying plasma physics in PLD and PE-PLD processes, leading to a better control of the deposition process and film quality.
Description of models

Reactive oxygen plasma model
We used the Quantemol-VT software [13] to calculate the plasma characteristics of an inductively coupled rf oxygen plasma. Quantemol-VT builds upon the comprehensively validated Hybrid Plasma Equipment Model (HPEM) developed by Kushner et al. Detailed information about HPEM can be found in [14] . In short, the plasma properties are calculated in three steps. First, Maxwell's equations are solved to calculate the electromagnetic fields within the discharge volume. Based on these fields, the electron energy distribution function, and electron impact reaction rates are calculated using a Boltzmann solver. Subsequently, the reaction rates are used to determine the various oxygen species and electron density distributions and Poisson's equation for the electrostatic field. The calculation loop is closed by using the electrostatic field for the calculation of the electromagnetic fields. This self-consistent cycle is iterated until convergence.
An important part of the model is the plasma chemistry, i.e. the species and reactions that are included in the model. For this we followed the species and reaction set used by Tinck and Bogaerts [15] O 3 in our model since these are believed to be of minor importance for these types of plasmas. A total of 50 reactions are included, as specified in [15] . The rates for the electron impact reactions are calculated using cross sections from Phelps et al. [16] . The reaction rates for the heavy particle reactions are taken from [15] . [19] . The discharge geometry is schematically shown in Fig. 1 . It is based on the inductively coupled plasma (ICP) version of the rf GEC reference cell [11, 12] . This is a widely used, well-characterised experimental platform for comparing plasma measurements in a common reactor, aimed at gaining insight in the rf discharge behaviour. As can be seen in Fig. 1 , the plasma consists of a vacuum chamber with a copper five-turn planar coil antenna and metal electrode. Electrical power from the antenna is inductively coupled into the plasma volume through the bottom of a quartz cylinder (4 mm thickness, 140 mm diameter). The lower electrode is made of stainless steel and has a diameter of 100 mm. It can be electrically biased but was grounded for these simulations. The distance between the electrode and the quartz cylinder is 40 mm. The coil antenna is driven with a sinusoidal rf voltage at 13.56 MHz. The power to the coil was set at 400 W for our simulations. The discharge volume is filled with oxygen gas at pressures varying from 3 to 100 Pa.
Laser ablation model
In laser ablation, a high-power, pulsed laser interacts with a solid target material, removing the surface layer of the target and turning it into an expanding plasma plume. We use a dedicated two-dimensional Eulerian hydrodynamic code called POLLUX to study the laser ablation process. The POLLUX code was developed by Pert et al. and further details can be found in [20, 21] . In short, the code solves the three firstorder quasi-linear partial differential equations of hydrodynamic flow. The laser energy absorption in both the solid, leading to melting and vaporisation, and the plasma plume, leading to plasma heating via inverse bremsstrahlung, are included. A CHART-D [22] equation of state (EOS) is used for the calculation of the phase and phase boundaries of the target during the ablation process. The ionisation in the plasma plume is determined using the Thomas-Fermi model [23] . The code assumes a cylindrical symmetric geometry, with the target and the region Fig. 1 . Schematic diagram of the inductively coupled plasma source under study. The reactor is cylindrically symmetric and consists of a stainless steel vacuum chamber, a 5-turn coil antenna inside a quartz cylinder, and a metal electrode. The design is based on the GEC rf reference cell [11, 12] . above the surface represented by a two-dimensional mesh aligned along the laser direction. In the rising edge of the laser pulse, the energy will be mainly absorbed in the cells at the target surface, leading to melting and plasma formation. This expanding plasma is then heated further by the remainder of the incoming laser via inverse bremsstrahlung absorption.
In this paper, we focus our attention on the ablation of pure Zn targets by a UV pulsed laser, which is directly relevant for PLD. We simulate the interaction of a Zn target with a 355 nm laser pulse with a FWHM duration of 5 ns and a FWHM focussed beam diameter of 2.0 mm. The laser fluence is varied between 2 and 10 J cm The value for the O − density is of the same order as the electron density, giving a reactor-averaged electronegativity of about 0.5. The neutral species, O, O 2 *, O 2 *(1S), O*, and O 2 (v) have peak densities which are 2-3 orders of magnitude higher than the charged particle densities. Also, the distribution of the neutral species is far more homogenous across the inter-electrode gap. It is likely that for applications in the area of plasma-enhanced PLD, the effect of these reactive neutral species will be dominant over the charged particles. Especially when a PLD-substrate material is placed on, or close to, the bottom electrode, the difference in density between the charged and neutral species is more than 3 orders of magnitude, emphasising the importance of the neutral, reactive species. It is known that atomic oxygen (O) and singlet Fig. 2 . Results of the reactive oxygen plasma model. Plotted are the densities of the different species for a discharge in 5 Pa oxygen gas with 400 W input power. delta oxygen (O 2 ( 1 Δ), called O 2 * in our model) are chemically highly reactive and it is likely that these species play an important role in the deposition process in PLD with an O 2 gas background. In the case of an O 2 gas background, the reactive O and O 2 * species are created by reactions between the expanding plasma plume and background gas. Therefore, the amount of reactive oxygen species is directly coupled to the ablation process, limiting control of the properties of the reactive oxygen densities. Using a separate rf plasma source to provide the reactive oxygen species gives additional control over the densities and distributions, and hence the film deposition process.
As an illustration we have varied the O 2 pressure in our rf plasma to 50 Pa. The results of these simulations are shown in Fig. 3 , again presenting the species density distributions for an oxygen discharge at 400 W rf input power. Compared to the 5 Pa case, the charged species are even more localised in a doughnut shape in front of the quartz cylinder. Interestingly, the peak densities of the charged species are very similar to those of the 5 Pa case and the reactor-averaged density is lower by about a factor of 3 for all charged species. On the other hand the reactive neutral species show both higher peak and reactoraveraged densities, a factor 3 for O and 6 for O 2 *. However, especially for O (and O 2 *(1S) and O 2 (v)) the distribution across the reactor is no longer homogenous; it is localised in the same place as the charged species. These differences in densities with pressure can be exploited to optimise required oxygen content during the PLD process.
To further investigate these possibilities, we varied the pressure between 3 and 100 Pa and monitored the density of O and O 2 * at a position in front of the centre of the metal electrode since this is a good position to place a deposition substrate. The results, shown in Fig. 4 Fig. 3 . Results of the reactive oxygen plasma model. Plotted are the densities of the different species for a discharge in 50 Pa oxygen gas with 400 W input power. [24] . They found that the O/O 2 ratio influenced the stoichiometry, crystal structure and quality of the deposited ZnO films [24] .
Fig . 5 shows results from the laser ablation model for a laser fluence of 6 J/cm 2 , 5 ns pulse duration and 2 mm diameter focal spot. Plotted are the axial velocity and temperature profiles along the symmetry axis of the ablation plume (i.e. perpendicular to the target, through the centre of the laser spot). It can be seen that the relatively short (5 ns) laser pulse ablates some material which moves away from the target surface with a velocity of 4 × 10 4 m/s with the highest velocities near the front of the expanding plume. The electron temperature in this plume is between 12 and 18 eV. After 50 ns, the plume has expanded over a distance of about 1.7 mm from the original target surface, with the axial velocity decreasing slightly to 3 × 10 4 m/s. Since at this point in time the entire laser pulse has passed, there is no new material being ejected from the target as shown by the axial velocity of nearly zero at the target surface. This shows that during a single laser pulse, all the material is ablated during the first 50-100 ns, which means that in a PLD process the deposition is likely to be pulsed as well since typical laser repetition rates are 10-50 Hz. The pulsed nature of the laser ablation process is also clear from Fig. 6 , which shows a 2D map of the simulated electron density at a time of 40 ns after the start of the laser pulse.
Electron densities of up to 2 × 10 20 cm −3 are observed near the front of the plasma plume. The shape of the plasma plume shows that there is a relatively narrow, high-density plasma front moving away from the laser interaction point. Behind this there is a plasma of lower density (5-10 × 10 19 cm
−3
). Close to the target surface (b0.5 mm) the electron density is high, but this region of plasma has very low velocities, which means that it will not take part in the deposition process, several centimetres from the target surface. Nevertheless, depending on the repetition rate of the laser, it can have an effect on the ablation process of the subsequent laser pulse since subsequent pulses will interact with a plasma surface rather than a solid surface. However, it should be noted that even for simulations with a solid target, the majority of the laser energy absorption is through inverse bremsstrahlung in the plasma plume, not direct heating of the solid target.
One of the parameters that can be used to control a PLD process is the laser fluence. Fig. 7 shows the total mass of the expanding plasma plume, and the average ionisation degree (i.e. the average number of bound electrons that is removed from every atom) of the plume after a single 5 ns pulse with different laser fluences. The simulations show that we can control the amount of material that is ablated per pulse by changing the laser fluence, i.e. an increase from 2.9 to 4.7 μg per pulse for laser fluences from 2 to 10 J/cm 2 . Interestingly, it is not only the amount of material that is affected by the laser fluence, but also the composition of the plume. The average ionisation increases from 3.4 to 5.6 over the same range of fluences. This implies that the plasma ions at high fluences are more highly ionised than at low fluences, possibly affecting the chemistry of the deposition process. It highlights the complexity and interdependency of the control parameters of a PLD process, e.g. increasing the laser fluence will not only increase the amount of ablated material (and therefore the film deposition rate), it will at the same time change the ionisation degree and therefore deposition chemistry and film properties. Nevertheless, modelling studies like ours can help to highlight and understand these dependencies so that effective control of a PLD process can be achieved.
Finally, traditional ZnO PLD is performed by ablating a ZnO target in a low-pressure oxygen atmosphere. The addition of the inductively coupled plasma dramatically increases the amount of reactive oxygen species, opening up the possibility of completely decoupling the Zn and O sources for a ZnO film, i.e laser ablation of pure zinc in combination with oxygen species from an ICP source. In other words, laser ablation of pure zinc in combination with oxygen species from an ICP source. Our simulations show that in a single laser pulse about 1 × 10 17 Zn ions are formed. When this plume expands towards a substrate, about 5 cm away, the typical density at the substrate will be in the order of 10 14 cm , however, the densities at a substrate surface of neutral reactive oxygen species, e.g. O and O 2 ⁎ , are in , like the Zn ions. Therefore, the ratio of reactive Zn to reactive oxygen in front of the substrate will be close to unity. Furthermore, the absolute values of these densities are very comparable to the densities found in other plasma-based ZnO deposition techniques, e.g. magnetron plasma sputtering, where operating pressures of 0.1-1.0 Pa are used and ionisation is believed to be close to 100%, leading to particle densities of 10 13 -10 14 cm −3 [1, 25, 26] . In PE-PLD we can have equal densities of Zn and oxygen arriving at a substrate so we could envisage deposition of a good quality ZnO film with reasonable stoichiometry. Also, the fact that the absolute value of the particle densities in our PE-PLD technique are similar to those observed in traditional high-quality ZnO deposition methods, is encouraging for the feasibility of our proposed technique. The prospect of depositing ZnO films from separate Zn and O sources is interesting, especially from a process control point of view.
Conclusion and outlook
In this paper we present results from two different numerical models, investigating different aspects of (plasma-enhanced) PLD of ZnO thin films. Modelling of the laser ablation of zinc shows that in a typical PLD ablation pulse a few micrograms of material per pulse is ablated. The amount of material per pulse can be controlled with the laser fluence, however the average ionisation is also affected, which can change the subsequent deposition dynamics. Therefore, one has to be cautious when using the laser fluence as a direct PLD control parameter for deposition rate.
Secondly, we showed that using a separate inductively coupled plasma source, instead of a traditionally used oxygen gas background, can give significant amounts (5 × 10 ) of reactive oxygen species such as O and O 2 *. It is likely that these species play an important role in the film deposition process and therefore it is advantageous to be able to independently control the amount and relative ratio of reactive species such as O and O 2 *.
Finally, by using an ICP source, it could be feasible to completely decouple the Zn and O sources for ZnO PLD. Laser ablation of pure zinc gives ion densities comparable to reactive oxygen densities in an ICP source. Incorporating an ICP plasma in a plasma-enhanced PLD setup offers independent control over the Zn and reactive oxygen densities, and therefore additional control over the deposition process and thin film properties. Experiments are planned for the near future to benchmark the presented simulation results and test this new deposition concept.
electron density (cm -3 ) Fig. 6 . Results of the cylindrically symmetric laser ablation simulation showing a 2D map of electron density at a time of 40 ns after the start of the laser pulse (6 J/cm 2 , 1 mm radius focal spot, zinc target). 
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